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The possibility of enhancing the mechanical performance of two different polymer-based
nanocomposites using polyamide 6 (PA6) and poly[ethylene-co-(vinyl acetate)] (EVA) as
matrices was investigated. The nanoﬁllers used were, respectively, either carbon nano-
tubes (CNTs) or an organically modiﬁed montmorillonite (Cloisite 15A), both previously
modiﬁed by plasma treatment to introduce polar moieties. The nanoﬁllers were fully
characterized by Raman spectroscopy, XPS, FT-IR and XRD, demonstrating their effective
modiﬁcation with oxygenated groups. The nanocomposites were prepared by melt pro-
cessing in order to obtain ﬁlms and ﬁbres. The mechanical tests carried out on the
nanocomposites showed a remarkable increase of the elastic modulus when plasma-
modiﬁed nanoparticles were used. The improvement of wettability and dispersion of the
nanoﬁllers in the polymer matrices, as conﬁrmed by SEM observations, can be invoked to
explain this feature.
 2012 Elsevier Ltd. All rights reserved.1. Introduction dramatically enhance the mechanical performance and thePolymer nanocomposites have received signiﬁcant
attention during the last two decades, due to the possibility
of obtaining high performance materials at low ﬁller
loading. This is possible because of the higher surface-to-
volume ratio of nanoﬁllers compared to that of traditional
micro-scaled ﬁllers [1,2] However, the dispersion and the
adhesion of the nanoﬁllers in the host polymers remain the
key factors for obtaining improvement of the mechanical
performance [1–4]. In fact, one of the main goals in the
preparation of nano-scaled composites is to prevent the
nanoparticles from agglomerating in clusters or bundles.
This can be achieved by introducing speciﬁc surfactants or
functional groups on the nanoﬁller surface in order to
improve compatibility with the host polymer [2,4,5].
Clays and carbon nanotubes have been widely investi-
gated and used as reinforcing agents for polymer matrices
[1–8]. Clay-based nanocomposites can ﬁnd applications in
various areas, such as packaging and agriculture. They can.
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06barrier properties at ﬁller loadings as low as 3-5 wt%,
without signiﬁcantly changing other important character-
istics such as transparency or density. In order to enhance
their compatibility with polymermatrices, clays are usually
modiﬁed with organic compounds (e.g. quaternary
ammonium salts) but, even in this case, the properties are
often not signiﬁcantly improved [1].
Carbon nanotubes (CNTs) have been found to be effec-
tive reinforcing agents for several polymeric materials,
beyond the capability to increase their electrical and
thermal conductivity [4–6]. Similarly to clays, CNTsmust be
modiﬁed to improve their afﬁnity with the matrix by
including speciﬁc functional moieties (e.g. carboxyls,
amine, hydroxyls ...) introduced by dedicated processes
[4,5,8–10]. Despite several studies reporting on plasma
modiﬁcation of CNTs, to the best of our knowledge, no
papers about plasma carboxylation of organoclays are
available in the scientiﬁc literature.
The aim of this work is the description of a rapid and
solvent free method for modifying nanoﬁllers to increase
their compatibilitywithhostpolarpolymers. Inparticular, the
method aims to oxidize either carbon atoms of CNTs or those
Fig. 1. Schematics of the RF-plasma reactor and of the process adopted for
the modiﬁcation of the nanoﬁllers: (1) vacuuming by rotary pump; (2) gas
inlet and stabilization; (3) plasma reaction; (4) venting.
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atmosphere, in order to introduce new polar moieties.
According to the scientiﬁc literature, clays are often
used coupledwith polyoleﬁnswhile CNTs are preferentially
used as ﬁller in technopolymers such as polyamides,
polyesters or polycarbonates [4–6,8]. For this reason, an
organo-modiﬁed clay was used as ﬁller of poly(ethylene-
co-vinyl acetate) (EVA) while CNTs were added to poly-
amide 6 (PA6). Both the preparation and the forming steps
were carried out in the melt by extrusion based processes.
2. Experimental
2.1. Materials
A commercial grade of multi-walled CNTs (Sigma Aldrich,
L ¼ 5-9 um, D ¼ 100-170 nm, purity  90%) and a sample of
montmorillonite modiﬁed with an alkylammonium salt
(Cloisite 15A, Southern Clay) were used as nanoﬁllers. In
particular, the clay organic modiﬁer was a dimethyl-ditallow,
whichdisplays twoorganophilic tails fully hydrogenatedwith
an average composition of 65% C18, 30% C16 and 5% C14. Both
CNTs and Cloisite 15A were thoroughly dried under vacuum
overnight at, respectively, 80 C and 120 C, prior to use.
The PA6 used for this work (Radilon S35 100 NAT
inherent viscosity in sulfuric acid 3.4 dL/g) was kindly
supplied by Radicinova, Italy. In order to minimize hydro-
lytic scissions it was dried in a vacuum oven at 120 C
overnight prior to processing.
The EVA used was a commercial grade (Greenﬂex, FC45,
Polimeri Europa, Italy), with a vinyl acetate content of 14 wt%
andameltﬂowindexof0.3g/10min(load¼2.16kg,T¼190 C).
2.2. Plasma modiﬁcation of the nanoﬁllers
Both CNTs and Cloisite 15A were treated in a plasma
reactor (Tucano, Gambetti, Italy) with polarized anode at
radio frequency (13.56 MHz). The plasma reactor, which
has a chamber volume of about 5.5 litres, is shown sche-
matically in Fig. 1. The process was carried out in four steps:
i) reaction chamber from ambient pressure to 0.2 mbar; ii)
stabilization of the inner pressure (5 s); iii) air inlet and
plasma reaction (see below for further details); iv) venting
to ambient pressure (about 100-150 s).
The initial pressure in the chamberwas 0.2mbar. After air
inlet (P ¼ 0.3 mbar) and during plasma treatment the total
pressure was 0.5 mbar. The air ﬂow mass rate was kept at
10 sccm by using two mass ﬂow controllers. For the modiﬁ-
cation of CNTs, the power was set at 120W and the reaction
timewas500 s, according toourpreviousstudies [8],whereas
the treatmentofCloisite15Awascarriedout at 50Wfor180s.
CNTsunderwent a stronger treatmentwith respect to Cloisite
15A because the cleavage of the C]C bonds of CNTs requires
higher energy than that necessary for the cleavage of theC–H
bonds of the clay organic modiﬁer.
2.3. Preparation of the composites
2.3.1. PA6/CNT
Immediately after the plasma treatment, CNTs (2 wt%)
were premixed with solid PA6 and then fed (at 20 rpm)to a batch mixer (Brabender) preheated at 240 C. Once
the feeding stage was completed, the speed was raised
to 64 rpm and the material processed until a constant
value of the mixing torque was achieved (usually after
about 3 min). The material was then removed from the
mixer within 2 min, any remainder being discarded.
PA6/CNTs nanocomposite ﬁbres were prepared by using
a capillary viscometer (Rheoscope 1000, CEAST, Italy)
equipped with a spinning unit. The temperature was
240 C, the piston speed was 2 mm/min and the spinning
speed (collection pulley) was constantly kept at 250 rpm to
obtain ﬁbres with a diameter of 50  3 mm, used for further
mechanical and morphological characterization.
2.3.2. EVA/Closite 15A
Immediately after the plasma treatment, Cloisite 15A
(5 wt%) was premixed with solid EVA (95wt%) and then fed
to a single screw extruder (Brabender PLE 651, L/D ¼ 25,
D ¼ 19) equipped with a cast ﬁlm die. The thermal proﬁle
adopted for the operationwas 90-110-130-160 C (from the
hopper to the die), the screw speed was 64 rpm and the
drawing speed was set to 3 m/min. Under these conditions,
the ﬁlms had a ﬁnal thickness of 100  10 mm.2.4. Nanoﬁller characterization
CNTs were characterized by Raman spectroscopy
(Bruker-Senterra micro-Raman equipped with a 532 nm
diode laser excitationwith 20mWpower). In particular, the
ratio between the intensities of D and G bands was evalu-
ated. This ratio, in fact, can be correlated with the degree of
functionalization for the different vibration modes of
carbon atoms in the presence of defects, generated during
the functionalization process and associated with the
Fig. 2. Raman spectra focused on D-band and G-band (a) and O1s signal
recorded by XPS spectra (b) for CNTs (solid line) and fCNTs (dotted line).
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ture [5,6,8,11]. In particular, the G-band is associated with
the stretching of C]C bonds in graphitic materials (sp2
hybridization), while the D-band is associated with
phonons close to the boundary of the Brillouin zone,
usually detectable by Raman spectroscopy for disordered
crystals (defects in sp2 carbons).
X-ray photoelectron spectroscopy (XPS) was carried out
by a Perkin-Elmer PHI 5600 to determine the oxygen
content on the surface of the CNTs before and after the
functionalization. More details and results can be found
elsewhere [8]. Cloisite 15A nanoparticles have been char-
acterized by FTIR spectroscopy (Perkin Elmer Spectrum
400) by dispersing them in KBr with a ratio
Closite:KBr ¼ 1:20 by weight. The morphology was inves-
tigated by X-ray diffraction (XRD) (Italiastructures APD
2000, Italy). To improve the quality of the signal, XRD tests
were carried out on specimens (2 mm thick) compacted
under pressure (100 bar, t ¼ 5 min, T ¼ 20 C).
2.5. Nanocomposites
The tensile properties of PA6/CNTs ﬁbers and EVA/
Cloisite 15A ﬁlms were measured using a dynamometer,
Instron 3365 (UK). The crosshead speed was 1 mm/min for
the ﬁrst two minutes and 100 mm/min thereafter. The grip
distance was 30 mm and the results reported are the
average of at least 15 replicates.
The morphological analysis of the composites was
evaluated by scanning electron microscopy (SEM FEI
Quanta 200) on samples fractured under nitrogen and
sputter-coated with a thin layer of gold to avoid electro-
static charging under the electron beam.
3. Results and discussion
3.1. Nanoparticles modiﬁcation
Plasma functionalization is supposed to provide both
CNTs and Cloisite 15Awith oxygenatedmoieties (carboxyls,
carbonyls, hydroxyls, ...). CNT modiﬁcations can be easily
followed by Raman and XPS spectroscopy. The Raman
spectra of neat and functionalized CNTs (fCNTs) are repor-
ted in Fig. 2a in which it is possible to identify the D-band
and the G-band, respectively centered at 1339 and
1569 cm1. The ID/IG ratio of neat CNTs is 0.08 and it
increases to 0.14 after plasma treatment. The conversion of
the carbons of the graphenic outer walls from sp2 to sp3
once they bind with oxygen can be reasonably invoked to
explain this result. This hypothesis is corroborated by XPS.
Fig. 2b reports the O1s HR-XPS for CNTs and fCNTs. Neat
CNTs present small amounts of oxygen, probably due to the
manipulation/manufacturing of the commercial nanotubes
used in this work. After plasma treatment, the amount of
oxygen is almost doubled, thus conﬁrming the formation of
new oxygenated moieties. The plasma treatment had
similar effects on Cloisite 15A. Fig. 3 presents the FTIR
spectra of Cloisite 15A, before and after plasma treatment,
with a close-up inset of the carbonyl region. Table 1 reports
the assignments of the main bands according to the
scientiﬁc literature [12,13].It is evident that, after the functionalization, the carbonyl
region is modiﬁed. The band at 1640 cm1, related to the
stretching vibrations of the quaternary ammonium salts, is
reduced and, contextually, the band at 1718 cm1, assigned
to the carboxyl stretching, is more intense. Therefore, it can
be qualitatively hypothesized that, to some extent, carbons
on the alkylic tail of the clay organic modiﬁer converted to
carboxyls. In addition, the spectrum is signiﬁcantly different
in the region around 1033-1040 cm1, i.e. the region of the
vibration of Si–O and Si–O–Si bonds. In the plasma-treated
sample these bands are drastically reduced. This feature
suggests a signiﬁcant change in the clay lamellar organiza-
tion that inﬂuences the resonance vibration energy and,
consequently, the spectrum. This is corroborated by XRD
analysis, Fig. 4. For both neat and treated Cloisite 15A the
characteristic peak at about 2.8 is clearly visible, corre-
sponding to an interlayer distance of 3.15 nm. However, the
treated sample displays aweaker and broader band that can
be attributed to increased disorder of the lamellae (disrup-
tion after plasma treatment).3.2. Nanocomposites characterization
3.2.1. PA6/CNTs
The mixing torque as a function of time for PA6 based
materials is reported in Fig. 5. This property is related to the
Fig. 3. FT-IR spectra of Cloisite 15A (solid line) and air-plasma modiﬁed Cloisite 15A (dotted line).
Fig. 4. XRD patterns of neat and modiﬁed Cloisite 15A.
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information about the rheological behaviour of the
materials.
Adding CNTs to PA6 causes a remarkable increase of the
mixing torque. This result is expected, as the ﬁllers reduce
the macromolecules mobility compared with that of the
neat polymer, thus causing an increase of viscosity and,
therefore, of the mixing torque. Adding CNTs causes an
increase of torque from about 7.5 Nm of PA6 to about
8.5 Nm of PA6/CNTs. The increment is even higher (about
9 Nm) when fCNTs are added. This feature can be explained
considering that the oxygenated groups formed on fCNTs
due to the treatment are responsible for improved inter-
facial adhesion that causes an increase of viscosity. The
morphological analysis, Fig. 6a–b carried out on PA6/CNTs,
Fig. 6a, and PA6/fCNTs, Fig. 6b, provides evidence that neat
CNTs tend to agglomerate and to be pulled out the matrix,
thus showing poor adhesion and poor dispersion in the PA6
matrix. When fCNTs are used, both the adhesion and
especially the dispersion improve.
In order to induce the orientation of the PA6 macro-
molecules and of the CNTs along a preferential direction,
PA6 based materials were spun to obtain ﬁbres. The relatedTable 1
Band assignments of the FT-IR spectra reported in Fig. 3.
Band (cm1) Assignments
3656 OH stretching from silicate
3429 Adsorbed water
2928, 2853 C–H stretching (aliphatic)
1718 Carboxyl stretching
1640 Quaternary ammonium salts
1473 Ethylene bending
1133 Si–O Stretching
1040 Si–O–Si Stretching
925 Al–OH stretchingtensile properties are reported in Table 2. Adding CNTs
causes an increase of the elastic modulus with respect to
pure PA6, probably due to the stiffening of the matrixFig. 5. Torque as a function of mixing time during the melt processing.
Fig. 6. SEM micrographs of ﬁbers containing 2% of untreated (a) and modiﬁed (b) CNTs.
Table 2
Mechanical properties of neat PA6 and nanocomposites ﬁlled with
untreated and modiﬁed CNTs.
Sample E (MPa) TS (MPa) EB (%)
PA6 1831  67 36.2  8.7 332  37
PA6/CNTs 2441  89 26.1  3.8 248  27
PA6/fCNTs 3791  45 33.0  4.1 271  9
Table 3
Mechanical properties of neat EVA and nanocomposites ﬁlled with
untreated and functionalized Cloisite 15A.
Sample E (MPa) TS (MPa) EB (%)
EVA 36.6  1.8 25.3  1.5 1155  70
EVA/Cloisite 15A 43.5  2 17.3  1 804  40
EVA/fCloisite 15A 52.2  2.2 20.5  1.1 1003  60
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observed before [4–6,8,10,14–16]. The modulus is even
higher when fCNTs are used instead. In this case, the
modulus is about the double that observed for the PA6/CNT
system and about three times compared with pure PA6.
Again, these results can be interpreted considering that
fCNTs bearing polar groups on their surface are likely more
adherent and well dispersed in the PA6 matrix. Moreover,
the orientation of the CNTs under the elongational ﬂow can
cause the increase of the elastic modulus here observed.
These hypotheses ﬁnd conﬁrmation in the morpholog-
ical analysis, Fig. 6a–b. In both PA6/CNTs, Fig. 6a, and PA6/
fCNTs, Fig. 6b, a preferential orientation of the nanotubes
along the drawing direction (evidenced by the arrows can
be seen).Fig. 7. SEM micrographs of EVA-based ﬁlms ﬁlled wiAs regards the properties at break, Table 2, both tensile
stress and elongation at break decrease by adding CNTs to
PA6. As is well known, this is a direct consequence of the
structure stiffening after adding the nanoﬁller to the
matrix. When fCNTs are used, however, both properties
increase and become similar to those of neat PA6. This is
probably due to the alreadymentioned better adhesion and
dispersion of fCNTs that induce better stress transfer from
the matrix to the ﬁller and, consequently, increased
deformability of the material.
3.2.2. EVA/Cloisite 15A
Similarly to the PA6/CNTs systems, for EVA/Cloisite 15A
also it is possible to observe an improvement of the elastic
modulus of the composites. Table 3 reports the tensile
properties of EVA with neat and modiﬁed Cloisite 15Ath untreated (a) and modiﬁed (b) Cloisite 15A.
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modulus increases when Cloisite 15A is added but the
highest values are observed in the composites containing
fCloisite 15A. Again, an improved interaction between the
matrix and the ﬁller can be invoked to explain the results.
Fig. 7 shows the SEMmicrographs of EVAwith Cloisite 15A,
Fig. 7a, and with plasma modiﬁed Cloisite 15A, Fig. 7b. The
dispersion of the nanoﬁller in the system containing
fCloisite 15A is dramatically better than that observed
when neat Cloisite 15A is added. An image analysis elabo-
ration of different SEM micrographs showed that the
average amount of particles passed from 0.46 particles/mm2
of neat Cloisite 15 A to 0.86 particles/mm2 of fCloisite 15A.
This is probably due to the aforementioned destructuring of
the clay tactoids conﬁrmed by FTIR and XRD analysis. The
properties at break, Table 3, follow the same trend
observed for PA6/CNTs systems. Adding neat Cloisite 15A
causes a decrease of both elongation at break and tensile
stress, but when fCloisite 15A is used they both increase,
getting closer to the values displayed by the pure matrix.
This feature is further indirect evidence of the enhance-
ment of adhesion and dispersion already mentioned above.
4. Conclusions
In this work, two nanoﬁllers, namely carbon nanotubes
(CNTs) and an organo-clay (Cloisite 15A), were modiﬁed by
air plasma in order to improve their afﬁnity with ad hoc
dedicated matrices: polyamide 6 (PA6) for CNTs and
poly(ethylene-co-vinyl acetate) (EVA) for the organoclay.
The nanoﬁller modiﬁcation has been conﬁrmed by
spectroscopic analyses and the results indicated that
plasma treatment leads to the oxidation of graphenic
carbons in CNTs and aliphatic carbons of the organic
modiﬁer in Cloisite15A.When modiﬁed nanoﬁllers are added to the polymer
matrices, both the adhesion and the dispersion are
improved and, as a consequence, the mechanical perfor-
mance is enhanced. The elastic modulus increases both for
PA6-fCNT (about triple if compared to neat PA6) and for
EVA/fCloisite15A (þ45% with respect to neat EVA). The
properties at break, that typically decrease when ﬁllers are
added, are comparable with those of the neat matrix when
modiﬁed nanoﬁllers are used.References
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